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MinireviewA-to-I Editing:
New and Old Sites,
Functions and Speculations
clear to what extent this phenotype derives from lack
of editing the transcripts encoding Ca2 (cacophony)
and Na (para) channels, a glutamate-gated Cl channel
and putative nicotinic acetylcholine receptor subunits,
which comprise the mRNAs harboring A-to-I edits in
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Drosophila known to date (Reenan, 2001; Grauso et al.,Germany
2002). dADAR-deficient flies are, however, morphologi-
cally normal, and thus developmental aspects appear
not to be adversely affected. This is in stark contrast toNuclear pre-mRNA editing by selective adenosine de-
mammals, in which ADAR deficiency terminates devel-amination (A-to-I editing) occurs in all organisms from
opment by catastrophic events at both pre- and postna-C. elegans to humans. This rare posttranscriptional
tal stages (see below). This striking difference betweenmechanism can alter codons and hence the structure
invertebrates and vertebrates may indicate that A-to-Iand function of proteins. New findings report new
transcript editing, in addition to fine-tuning physiologicalsites, give evidence that the efficiency of editing can
processes, progressively subserves critical physiologi-be regulated by neurotransmitter, and reveal that an
cal functions during evolution.amino acid substitution introduced by editing into a
Mammals have at least two candidate ADARs, whichneurotransmitter-gated ion channel subunit serves as
are both widely expressed (Gott and Emeson, 2000;a determinant for controlling the maturation, intracel-
Reenan, 2001). Haploinsufficiency of ADAR1 has beenlular trafficking, and assembly with other subunits of
proposed to impair erythropoiesis and to cause embry-this transmembrane protein.
onic lethality (Wang et al., 2000a), although contribution
to this severe phenotype by a dominant-negative prod-Site-selective RNA editing by adenosine deamination
uct from the manipulated ADAR1 “knockout” allele could(A-to-I editing) (reviewed by Gott and Emeson, 2000;
not be ruled out. As no single endogenous mammalianalso covers other forms of RNA editing) provides an
transcript has been identified as a specific substrate forelegant means to expand, at functionally critical posi-
ADAR1 (Polson et al., 1996; Wang et al., 2000a), evidencetions, the protein landscape narrowly and unambigu-
for participation of ADAR1 in A-to-I editing is still circum-ously specified by exonic sequence. Inosine substitu-
stantial. Hence, the embryonic lethality from insuffi-tions of select adenosines in transcripts engender amino
ciency of ADAR1 might also be caused by a more generalacid replacements and new function for the proteins
effect on RNA metabolism. Whichever the molecularencoded by the edited transcripts, and protein trans-
cause, the early lethality is likely to occlude further im-lated from unedited and edited transcripts of the same
pairments that may arise later in development or in thegene can thus build a population with expanded func-
adult. With respect to ADAR2, strong evidence existstional characteristics. Unfortunately, A-to-I editing is
for a single editing site in a brain-expressed transcript,elusive. A-to-I editing needs short complementary RNA
at which lack of ADAR2-mediated editing interruptssequences (approximately 9–15 bases) embedded in an
postnatal development by severe seizure activity andadjacent intron, sometimes more than 1000 nucleotides
early postnatal death (Higuchi et al., 2000). Remarkably,from the exonic editing position, to form imperfect du-
the particular adenosine edited by ADAR2 is the only
plex RNA with the exonic target sequence around the
one known to be edited to 100% in any transcript (for
adenosine destined to undergo deamination (Figure 1).
editing sites in mammalian transcripts, average extents
Therefore, bioinformatic searches of genome sequences of editing, and effects of ADAR2 deficiency; see Higuchi
cannot predict which transcripts undergo editing, and et al., 2000). When this adenosine is substituted by gua-
the few examples of A-to-I editing positions in tran- nosine in the cognate gene sequence by gene targeting,
scripts were chance discoveries. no more obvious impairments arise from ADAR2 defi-
A-to-I editing is catalyzed by ADARs, short for adeno- ciency (Higuchi et al., 2000), a result not anticipated
sine deaminases acting on RNA (Bass, 2002). Besides from the widespread expression of ADAR2.
the editing of their own transcripts by mammalian and The position where ADAR2-mediated editing be-
Drosophila ADARs (reviewed by Reenan, 2001), all other comes a matter of life and death is the Q/R site in the
currently known A-to-I edited transcripts of both inverte- GluR-B (GluR2) subunit of AMPA receptors (reviewed in
brate and mammalian origin encode membrane proteins Seeburg et al., 1998), which mediates most of the fast
in nervous tissue that function as voltage- or ligand- excitatory neurotransmission in our brain. AMPA recep-
gated ion channels or as G protein-coupled receptors. tors are heteromeric subunit assemblies and function
Drosophila has a single ADAR gene that is expressed as cation selective ion channels gated by synaptically
only in nervous system, and adult null mutants of dADAR released glutamate (reviewed in Dingledine et al., 1999).
display a range of defects, including motor deficits, They come in two flavors, those that contain and those
abnormal mating behavior, obsessive cleaning, slow re- that lack GluR-B. As a rule, principal neurons (the major-
covery from induced hypoxia and age-dependent neu- ity of all neurons) operate with GluR-B containing recep-
rodegeneration (O’Farrell, 2001; Reenan, 2001). It is un- tors, whereas GluR-B is a minor receptor constituent
in GABAergic interneurons (approximately 20% of all
neurons). The differences in AMPA receptor channel1Correspondence: seeburg@mpimf-heidelberg.mpg.de
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Figure 1. A-to-I Editing: Consequences for pre-mRNA Processing and Protein Function
Pre-mRNA in nucleus with imperfect double-stranded structure undergoes site-selective adenosine deamination by ADAR (enzyme not shown).
The A-to-I change can affect the following processes (boxed): coding (all possible codon changes are indicated); splicing (a new splice
acceptor site appears in an intron); receptor trafficking (shown is a glutamate receptor subunit moving to outer membrane when unedited [Q
version, blue]) or stuck in Golgi when edited (R version, red); and assembly, receptor function and density in postsynaptic membrane.
function in these neuron populations are considerable by Greger et al. (2002) add an important facet to the
numerous functional aspects of Q/R site editing of GluRand include single-channel conductance (GluR-B re-
duces it by 3-fold), permeability to Ca2 (GluR-B abol- B. As this study shows, the Q/R site-edited form of
GluR-B is retained in the endoplasmic reticulum (ER)ishes it), and voltage dependence of ion flow through the
activated channel mediated by polyamine block (GluR-B because the unique arginine in the pore loop of the
subunit provides a major “retention signal.” A large por-abolishes current rectification). All of these differences
can be traced to a particular arginine residue in the tion of neuronal GluR-B, but not of the other AMPA
receptor subunits, was found to be immature with re-domain that GluR-B uniquely contributes to the lining
of the ion channel. This functionally critical arginine is spect to Asn-linked glycosylation and to colocalize with
ER markers and chaperones in the proximal secretoryencoded in all GluR-B transcripts by a CIG codon, which
is the A-to-I edited version of the glutamine codon, CAG, pathway. Consistent with the view that the arginine at
the pore loop is a major ER retention signal, much ofthat is contained on the cognate genomic exon for the
pore structure of GluR-B. A glutamine codon for the GluR-A is also ER retained, when Q-to-R substituted at
its pore loop, whereas Q/R site-unedited GluR-B exitscritical pore position is also found in the homologous
exons of the other three genes for AMPA receptor sub- the ER and becomes surface-expressed with similar
ease as wild-type GluR-A. Thus, by its pore loop argi-units. However, the transcripts of these genes cannot
be edited at this codon because the cis-acting intronic nine, GluR-B appears to control an early and important
rate-limiting step of receptor assembly (Figure 1).sequence, complementary to the exonic sequence (see
above), is lacking. Curiously, editing of ionotropic gluta- Since AMPA receptor-mediated currents in the major-
ity of central neurons exhibit functional properties indic-mate receptors appears to occur only in vertebrates
(Kung et al., 2001). ative of GluR-B participation, the cells are likely to em-
ploy a mechanism for the preferential incorporation ofNot only does GluR-B Q/R site editing control the
functional properties of the AMPA receptor pore (See- GluR-B into surface receptor. The new evidence shows
that such a mechanism exists. This mechanism ensuresburg et al., 1998), but it also facilitates the processing
of the primary transcript. Failure of editing slows splicing availability of GluR-B for receptor assembly before exit
from the ER by retention via the critical arginine in theof the intron that contains the cis-acting exon comple-
mentary sequence and thus leads to a severe reduction pore loop of GluR-B. It appears that GluR-B, its homo-
meric assemblies, and perhaps even heterodimers con-in GluR-B levels (Higuchi et al., 2000). Moreover, as
revealed by an elegant study of Greger et al. (2002), taining GluR-B, are retained in the ER, whereas forward
trafficking may be permitted only to fully assembled,Q/R site editing critically determines the maturation and
cellular trafficking of GluR-B (Figure 1). The findings hetero-tetrameric receptors in which the retention signal
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is sufficiently masked. Thus, interaction of the arginine Interestingly, and perhaps counterintuitively, the func-
tional modulation of 5HT2C receptor activity by editingwith a hypothetical ER factor(s) might serve to prevent
the surface delivery of homomeric GluR-B receptors, appears to intensify the consequence of abnormally low
(or high) serotonin levels. The molecular pathways fromwhich could interfere with synaptic signaling due to very
low unitary conductance (Dingledine et al., 1999). Nota- serotonin to the editing of transcripts encoding one of
its receptors are unknown. In one likely scenario, thebly, as GluR-B in its Q/R site-unedited form shows prom-
inent surface expression, a decrease in the extent of activation of a serotonin receptor leads to a subtle
change in the double-stranded RNA structure that con-Q/R site editing should increase the number of high-
conductance, Ca2-permeable AMPA receptors in the tains the editing sites of the primary 5HT2C receptor
transcript. Such a structural change could come, forplasma membrane of neurons, and hence, the macro-
scopic conductance of AMPA channels. Indeed, an in- example, by changes in protein interaction with the RNA
or by phosphorylation of one of the proteins complexedcrease in macroscopic AMPA conductance has been
previously reported in mice expressing an engineered with the RNA as well as by RNA helicase action. When
extrapolated, the findings by Gurevich et al. (2002) sug-GluR-B allele for Q/R site-unedited transcripts and has
been postulated to underlie the early-onset epilepsy and gest that the extent of editing at any position may be
subject to modulation by the “metabolic” state of theearly death of these gene-targeted animals (Brusa et al.,
1995; Higuchi et al., 2000). As Greger et al. correctly point cell.
While in the known cases of edited vertebrate tran-out, the increased macroscopic AMPA conductance in
these animals could stem from increased surface traf- scripts, only few adenosines are deaminated, the situa-
tion differs for squid where the second K channel tran-ficking (Figure 1) as much as from the increased unitary
conductance of receptor channels with Q/R site-uned- script with numerous A-to-I edits has now been
identified by the Bezanilla lab (Rosenthal and Bezanilla,ited GluR-B. Since virtually all GluR-B in nervous tissue
is edited at this site, Q/R site editing may be constitutive 2002). Squid is not exactly a model organism for modern
biology, although its giant axon has provided a favoriteto ensure controlled export of this functionally dominant
subunit. preparation for pioneering work on the properties of
currents underlying action potential propagation (e.g.,In contrast, a particular G protein-coupled receptor
transcript that encodes the serotonin 5HT2C receptor Hodgkin and Huxley, 1952). Several years ago, Patton
et al. (1997) reported that sqKv2, a K channel in squidhas recently been shown to undergo regulated editing
that may be physiologically important. The study by optic lobe, contains relative to the gene sequence nu-
merous amino acid substitutions generated by A-to-IGurevich et al. (2002) investigates an intriguing correla-
tion between suicidal depression and serotoninergic editing. Now, Rosenthal and Bezanilla (2002) identify in
sqKv1.1A, the delayed rectifier K channel of squid, 14neurotransmission in its particular aspect of 5HT2C re-
ceptor transcript editing. Low serotoninergic neuro- positions at which A-to-I editing has generated substitu-
tions relative to the genomic sequence. The authorstransmission is viewed as a major risk factor to suicide.
The 5HT2C receptor displays widespread expression in point out that the number of A-to-I edits in the two K
channels exceeds the total number of edits in all ofbrain, and its activity has been linked to mood regula-
tion. The five editing positions, termed A, B, C, C, and the edited vertebrate transcripts known to date. Indeed,
different from edited vertebrate transcripts, the tran-D, lie within a 13-nucleotide region (Gott and Emeson,
2000). This region of the transcript encodes a domain scripts for the squid Kchannels display a higher density
of A-to-I conversions. It remains unclear which en-in the second intracellular loop of the receptor, where
the amino acid substitutions engendered by editing af- zyme(s) catalyzes the transcript editing, which RNA
structures serve as target, and which (if any) intron se-fect ligand affinity and effector coupling, when assayed
by in vitro expression of different receptor isoforms (Nis- quences are involved in forming the editing competent
RNA structures. One notices that, as in vertebrate tran-wender et al., 1999; Wang et al., 2000b). Thus, these
sites can be viewed as a dial for gain control. The new scripts, the efficiency of editing differs for the various
sites, from extensive to slight. This generates a bewilder-study importantly reveals that the settings of this dial—
i.e., the extent of receptor editing—are sensitive to sero- ing complexity of isoforms in the two populations of
squid K channel  subunits, let alone in the functionaltonin levels.
The evidence for this exciting and consequential find- tetramer populations.
Whereas sqKv2 transcripts had only been analyzeding comes from severely depressed humans, in whom
serotonin levels are often decreased, and from happy within the coding region for the channel segments S4
to S6 (Patton et al., 1997), the new study on Kv1.1Amice with elevated serotonin levels. Analysis of prefron-
tal cortex RNA from a numerically small sample of sui- contains a description of the editing sites within the
entire coding region. There are primarily two domainscide victims with a history of major depression revealed
increased C and C site editing, but decreased editing where editing-mediated amino acid substitutions occur,
approximately half of them in the N-terminal assemblyat the D site. These changes should result in a functional
downregulation of the receptors (Niswender et al., 1999; domain T1, and the others in the transmembrane regions
S1and S3, with one substitution placed just C-terminalWang et al., 2000b), especially when serotoninergic neu-
rotransmission is compromised. Conversely, mice chroni- to the P loop. The study compares the functional charac-
teristics of unedited and edited isoforms by electrophys-cally treated with Prozac, a widely prescribed antide-
pressant with selective inhibition of serotonin re-uptake, iology and biochemical means. Needless to say, only
select isoforms could be investigated. The data clearlydisplayed decreased editing at the C and C sites but
increased D site editing. Here, the receptor population point to effects of editing on potassium conductance
and voltage sensitivity, which, as the authors discuss,is predicted to show increased sensitivity to serotonin.
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Wang, Q., Khillan, J., Gadue, P., and Nishikura, K. (2000a). Sciencecan be regulated by editing in incremental steps. More-
290, 1765–1768.over, as for GluR-B and AMPA receptors, the efficiency
Wang, Q., O’Brien, P.J., Chen, C.-X., Cho, D.-S.C., Murray, J.M., andof channel assembly is affected by editing. A severely
Nishikura, K. (2000b). J. Neurochem. 74, 1290–1300.reduced assembly is observed when an arginine residue
that lies at a hinge of the tetramerization domain T1 in
an evolutionarily highly conserved sequence of all four
Kv type channels (Li et al., 1993) becomes substituted
by glycine (R87G). As the native partner subunits of
sqKv1.1A have not been delineated, the functional data
provided by Rosenthal and Bezanilla (2002) on this chan-
nel subunit and its editing-derived isoforms can only
give an impression of the actual molecular and func-
tional characteristics of the delayed rectifier K channel
of squid.
One particularly interesting observation is that, for
most edited positions found in sqKv2 and sqKv1.1, a
smaller residue is introduced than the one encoded by
the genomic exon, and often, edits result in valine. This
pattern, as Rosenthal and Bezanilla (2002) point out,
strikingly resembles mutations arising from adaptation
to cold temperature in other proteins in several fish spe-
cies, where the mutations are thought to ensure function
at low temperature. Notably, the squid species investi-
gated by the authors lives at 7C–14C, and it is intriguing
to speculate that the extent of editing of the K channel
transcripts may be subject to temperature regulation.
This could result from different temperature-sensitive
structural conformations of the imperfect double-
stranded RNA targets for the sqADAR(s). Where is the
genie that grants me one wish? I would ask him to
convince the Bezanilla group to investigate this intri-
guing link of squid physiology and transcript editing.
Selected Reading
Bass, B.L. (2002). Annu. Rev. Biochem. 71, 817–846.
Brusa, R., Zimmermann, F., Koh, D.-S., Feldmeyer, D., Gass, P.,
Seeburg, P.H., and Sprengel, R. (1995). Science 270, 1677–1680.
Dingledine, R., Borges, K., Bowie, D., and Traynelis, S.F. (1999).
Pharmacol. Rev. 51, 7–61.
Gott, J.M., and Emeson, R.B. (2000). Annu. Rev. Genet. 34, 499–531.
Greger, I.H., Khatri, L., and Ziff, E.B. (2002). Neuron 34, 759–772.
Grauso, M., Reenan, R.A., Culetto, E., and Sattelle, D.B. (2002).
Genetics 160, 1519–1533.
Gurevich, I., Tamir, H., Arango, V., Dwork, A.J., Mann, J.J., and
Schmauss, C. (2002). Neuron 34, 349–356.
Higuchi, M., Maas, S., Single, F.N., Hartner, J., Rozov, A., Burnashev,
N., Feldmeyer, D., Sprengel, R., and Seeburg, P.H. (2000). Nature
406, 78–81.
Hodgkin, A.L., and Huxley, A.F. (1952). J. Physiol. 117, 500–541.
Kung, S.S., Chen, Y.C., Lin, W.H., Chen, C.C., and Chow, W.Y. (2001).
FEBS Lett. 509, 277–281.
Li, M., Isacoff, E., Jan, Y.N., and Jan, L.Y. (1993). Ann. NY Acad.
Sci. 707, 51–59.
Niswender, C.M., Copeland, S.C., Herrick-Davis, K., Emeson, R.B.,
and Sanders-Bush, E. (1999). J. Biol. Chem. 274, 9472–9478.
O’Farrell, P.H. (2001). J. Clin. Invest. 107, 671–673.
Patton, D.E., Silva, T., and Bezanilla, F. (1997). Neuron 19, 711–722.
Polson, A.G., Bass, B.L., and Casey, J.L. (1996). Nature 380,
454–456.
Reenan, R.A. (2001). Trends Genet. 17, 53–56.
Rosenthal, J.J.C., and Bezanilla, F. (2002). Neuron 34, 743–757.
Seeburg, P.H., Higuchi, M., and Sprengel, R. (1998). Brain Res. Rev.
26, 217–219.
